We write the supergravity potential in a form particularly simple for calculations involving polynomial expressions for the superpotential and Kähler potential. We then show that models of inflation of the "natural" type occur very naturally in supergravity. We show in a simple case that this potential is of the hybrid type although initially only one complex scalar field is present. We then obtain analytic closed form expressions for all the relevant inflationary quantities and discuss the possibility of having supersymmetry breaking in one (radial) direction while inflating by the angular component. *
I. INTRODUCTION
Recently there has been renewed interest in models involving a pseudo Nambu-Goldstone boson to produce curvature perturbations [1] thus allowing the revival of some interesting models of inflation overrestricted by this constraint and ruled out by observations. The interest in models of inflation containing pseudo Nambu-Goldstone bosons is not new and some important work has been done in the past [2] (further references can be found in the review by Lyth and Riotto [3] ). Here we would like to show that models of that type can be accounted for very naturally within supergravity theories. We show that (for superpotentials and Kähler potentials of the polynomial type, which are most of them) the supergravity potential can be written in a form containing a cos[φ]-term where the field φ defines the angular part of the scalar component of the chiral superfield of the theory. This φ can play the role of the inflaton in some models or it could work as a curvaton in others. This leaves the possibility of looking for supersymmetry breaking in the radial direcction in the first case or constructing models of inflation in the radial direction while the curvature perturbations are generated by the angular part in the second case. In this paper we do not study all possibilities which can occur and simply show how is that supergravity allow them. We do work out a very simple case which could be described as a Polonyi potential [4] with an angular component and show how this model is of the "natural" inflation type. We also discuss a very nice feature of the model which containing only one complex scalar field is, nevertheless, of the hybrid type. The possibility of having supersymmetry breaking with vanishing vacuum energy in the radial direction while inflating by the angular component is studied in detail in this simple case. We write analytical closed form expressions for inflationary quantities such as the end of inflation, scale of inflation, reheat temperature, number of e-folds and spectral index.
II. NATURAL INFLATION FROM SUPERGRAVITY
Let us consider the supergravity potential for one chiral superfield with scalar component z and without D-terms [5] 
where
The reduced Planck mass M has been set equal to one. The superpotential and Kähler potential denoted W and K, respectively, are given by
where a n and b n are real coeficients. It is straightforward to show that the supergravity potential can then be written in the form
where K i denote the sums
Notice that for superpotentials and Kähler potentials of the form Eq. (3) and Eq. (4), respectively, Eq. (5) is enterily equivalent to the supergravity potential given by Eq. (1). Let us write z in the following way
with χ and φ real scalar fields. The potential is then given by
which can finally be rewritten as
Let us consider the case when only two of the coefficients a p and a q are different from zero, then the simplest possibility is when p=0, q=1 with cannonical kinetic energy terms in which case K = K 1 = K 2 = χ 2 , and the potential becomes
Choosing a 0 = m 2 β and a 1 = m 2 this is none other but the Polonyi potential with an angular component. For φ = 0 this reduces exactly to the Polonyi case where β = 2 − √ 3 and at the minimum χ takes the value χ 0 = √ 3 − 1. In this case the supergravity potential reduces to
The Polonyi potential breaks supersymmetry with vanishing vacuum energy. Thus it is natural to ask whether it is possible to break supersymmetry in the χ-direction while inflating (at the susy breaking scale) in the φ-direction. We study this possibility in the next section, first we would like to make a few comments concerning the potential Eq. (12). First note that for χ around √ 2, 0 and − √ 2 the coefficient of the cos[
]-term changes sign. This is illustrated in Fig.1 . When the χ field rolls from χ > √ 2 the minimum in the φ-direction is located at φ/f = π and φ = 0 is a local maximum. At χ = √ 2 the potential is completely flat in the φ-direction and then when χ < √ 2 a minimum develops at φ = 0. The inflaton starts rolling from π towards this new minimum. If the χ field rolls from negative values the situaton is similar. This can be seen from Eq. (12) by changing χ into −χ and starting not at φ = πf but at φ = 0. For χ < − √ 2 the φ-direction has a minimum at φ = 0 (the potential becoming flat at χ = − √ 2), however when χ > − √ 2 this minimum becomes a maximum and φ rolls towards the new minimum at πf . Note that for χ = 0 the potential is again flat in the φ-direction. The minima at χ = −( √ 3 − 1) for φ = πf and at χ = √ 3 − 1 for φ = 0 are degenerate with vanishing energy. They are separated by a potential barrier of hight 0.78 (in units of ∆ 4 ). It is possible then that for a sufficiently fast rolling χ-field this barrier could be overcome and that the φ-field oscillate between these minima producing short bursts of inflation until it settles down in one of them. This behaviour would leave a distinctive imprint in the spectral index. Something similar has been discussed before although with a completely different mechanism [6] . Thus this simple model is of the hybrid type although initially only one complex scalar field is involved. We would like to reexamine inflation for a potential of the type Eq. (14). We show that the problem can be dealt with analitically using only one approximated formula which starts breaking well above the value of the parameter f for which the reheat temperature is already too high.
III. NATURAL INFLATION REVISITED
Here we obtain closed form expressions for the relevant quantities involved in the inflationary era for a potential of the form Eq. (14).
1) The end of inflation. In the models under consideration inflation is generated while φ rolls down from close to πf towards the minimum at φ = 0 (see Fig.2 ). The end of inflation occurs at φ = φ e when the slow roll conditions [3] are violated. The slow-roll conditions are upper limits on the normalized slope and curvature of the potential, these are given by [7] ǫ ≡ 1 6
The potential determines the Hubble parameter during inflation as H inf ≡ȧ/a ≃ V /3. Inflation ends (i.e.ä, the acceleration of the cosmological scale factor, changes sign from positive to negative) when ǫ and/or |η| become of O(1). In the model under consideration the end of inflation is given by the saturation of the first condition in Eq. (16) above. Thus ǫ = 1 and we get
2) Number of e-folds. The number of e-folds from φ H to the end of inflation at φ e is
where the subscript H denotes the epoch at which a fluctuation of wavenumber k crosses the Hubble radius H −1 during inflation, i.e. when aH = k. (We normalise a = 1 at the present epoch, when the Hubble expansion rate is H 0 ≡ 100h km s −1 Mpc −1 , with h ∼ 0.5 − 0.8). From Eqs. (17) and (18) we get
3) Scalar density perturbations. The adiabatic scalar density perturbation generated through quantum fluctuations of the inflaton is [3] 
Solving Eq. (20) toghether with Eq. (19) we find
where A H ≡ √ 75πδ H . The COBE observations [8] of anisotropy in the cosmic microwave background on large angular-scales require [3] δ COBE ≃ 1.9 × 10 −5 ,
on the scale of the observable universe (k
In addition, the COBE data fix the spectral index, n H (k) ≡ 1 + δ 2 H (k)/ ln k which is usually written as
4) Reheat temperature. The reheat temperature at the beginning of the radiationdominated era [7] is
where Γ is the decay. When φ decays with gravitational strenght interactions only this is given by Γ ≈ λ 2 ∆ 6 /f 5 . In the expression for the reheat above g * is the number of relativistic degrees of freedom which for the MSSM equals 915/4. 5) Scale of inflation. We approximate Eq. (21) by trowing away the second term in the bracket which is exponentially suppressed for values of f around unity. Thus we have
This equation determines ∆ once the number of e-folds is specified. The number N H of e-folds of the present horizon is given by [9] N H ≈ 67 + 1
Solving this equation consistently with Eq. (25) we obtain
We notice that the scale of inflation ∆ only depends on the coupling λ (which we set equal to one in what follows) and on the parameter f . Once f is given then all relevant inflationary parameters like the end of inflation, scale of inflation, reheat, spectral index and number of e-folds are obtained from Eqs. (17), (27), (24), (23), and (26), respectively. 6) Quantum fluctuations. The value φ H at the beginning of inflation should exceed the quantum fluctuations of the inflaton δφ ≈
. From Eq. (19) we see that φ H ≤ 2f π and we can impose the following condition
Thus we see that δφ is always much less than the value of the inflaton at the beginning of inflation which at most should start at φ/f = π.
IV. NUMERICAL RESULTS
A representative set of values for the various quantities of interest during inflation is given in Table 1 . In Fig. 2 we show the inflationary potential in the region of interest and in Fig. 3 the behaviour of the scale of inflation (3a), reheat temperature (3b), spectral index (3c) and number of e-folds (3d), as functions of the parameter f for λ = 1. The possibility of having supersymmetry breaking at a scale 10 10 − 10 11 GeV in the χ-direction while the φ field is inflating is not favoured by the values given in Table 1 , at least for this simple model. It could be, however, that this interesting possibility may be realized in a more elaborated model of this type. Finally we would like to comment that the apparent discrepancy of the quantities given in Table 1 with respect to the original calculations is due to the fact that in [2] the Planck mass m pl = √ 8πM ≈ 1.22 × 10 19 GeV was used instead of the more common reduced quantity M ≈ 2.4 × 10 18 GeV used here.
V. CONCLUSIONS
We have presented an expression for the supergravity potential particularly appropriated for calculations involving polynomial expressions for the superpotential and Kähler potential. We use this simple expression for writing down the potential containing one complex scalar field which, when written in terms of its radial and angular components, makes explicit the cos[φ]-term characteristic of models of "natural" inflation. We work out in detail the simplest possible model which gives raise to this type of potential and the resulting model is nothing else but a Polonyi potential with an angular component. This model is interesting because raises the possibility of having supersymmetry breaking in the radial direction while inflating in the angular one. The results obtained in this simple model, however, do not favour supersymmetry breaking at scales of 10 10 − 10 11 GeV because the spectral index comes particularly low. More elaborated models could realize this interesting possibility. We study the angular direction of the potential, which is exactly a "natural" inflation type model, and obtain closed form expressions for all quantities relevant during inflation such as the end of inflation, scale of inflation, reheat temperature, spectral index and number of e-folds. We also argue that the potential in the φ-direction could be used instead as a model for the curvaton leaving the radial part as an inflationary sector. Finally we point out that although having started with one complex scalar field the model, in terms of its real components, is of the hybrid type.
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